Introduction
The erythrocyte sedimentation rate (ESR), discovered in 1897 1 and widely accepted in 1918, 2 is a simple clinical test commonly used as a sickness index for monitoring several inflammatory diseases such as temporal arteritis 3, 4 and polymyalgia rheumatica. [5] [6] [7] [8] It is also accepted as a critical prognostic factor in some non-inflammatory conditions including stroke, 9 heart attack, 10 and prostate cancer. 11 ESR reflects the rate of settling of erythrocytes in a vertically placed tube filled with whole blood. The erythrocyte-free plasma height at the top of the tube is measured after 30 or 60 min and reported as the ESR value in mm h −1
. The Westergren method is the gold standard method for ESR measurements, in which a tube with a length of 300 mm and an inner diameter of 2.55 mm is used which requires 5 ml of whole blood sample. 12, 13 Erythrocytes form 3D aggregates that resemble rolls of coins at stasis or at low shear rates in plasma or an appropriate suspending medium. [14] [15] [16] This reversible process is the main factor for the non-Newtonian nature of blood, and as such, plays a critical role for blood flow. [17] [18] [19] EA is affected by (i) intrinsic cellular properties (membrane deformability and surface charge density), [20] [21] [22] (ii) suspending medium properties (fibrinogen concentration in plasma or aggregationinducer macromolecule concentration such as dextran), [23] [24] [25] [26] [27] [28] and (iii) shear forces on cells. [29] [30] [31] EA is of clinical importance for diseases such as sepsis, thrombosis, and circulatory diseases. 16, 32, 33 Most studies utilize aggregometers that measure EA using photometric methods that quantify the light beam reflected from or transmitted through a blood sample during the aggregation process. 31, [34] [35] [36] [37] [38] [39] [40] These aggregometers differ from each other based on their mechanical unit, which creates the shear force required for disaggregation. Image analysis of EA under different dynamic conditions and computational analysis have also been employed for the quantification of EA. [41] [42] [43] [44] Custom-made optical systems (microscopes and holograms) are also proposed for erythrocyte analysis. These systems carry out non-invasive single cell investigation such as measurement of morphological properties, volume, and refractive index based on interferometric methods. [45] [46] [47] [48] Due to the complexities of the optical systems and image retrieval algorithms, these systems are impractical for rapid and facile monitoring and quantification of the fast aggregation process. 49 Lab-on-a-chip technologies for blood analysis and their commercialization possess significant potential for healthcare. 50, 51 There are studies that led to benchtop commercial products, which measure ESR from aggregation dynamics. 52, 53 They work much faster than the Westergren method (∼5 min) and use smaller sample volumes (∼150 μl). These products function as photometric rheoscopes, 53 however the detailed working principles of these products are not disclosed. Therefore, it is not possible to evaluate the underlying fundamental phenomena that form the basis of faster ESR measurements claimed in these devices. In this work, we aim at explaining the fundamental relationship between EA and ESR by developing a portable microfluidic system and visualizing the whole disaggregation/aggregation process and correlating it with the corresponding optical transmitted signal.
We measured the rate of EA and used it to predict ESR, leveraging the relationship between particle size and sedimentation rate. Particle sedimentation in a suspending medium is explained by Stokes' law, which states that the sedimentation velocity of a spherical particle is proportional to the square of its radius. 54 EA forms clusters of erythrocytes, which have a higher sedimentation velocity than individual erythrocytes. We explored this direct relationship between erythrocyte aggregates and their settling velocity in order to perform rapid ESR measurements from EA. Herein, we report a microfluidic system that measures ESR from EA using only 40 μl of whole blood in 2 min. The system consists of a disposable single-channel polycarbonate cartridge and a handheld opto-electro-mechanical analyzer. The test cycle starts off by completely disaggregating erythrocytes in the cartridge using a rigorous back and forth fluid motion generated by a solenoid pinch valve. Then, the fluid motion is ceased, and cells start to aggregate. During this aggregation phase, near infrared light (λ = 830 nm) optically transmitted through the cartridge is measured for 1.5 min. Then, the ESR value is calculated using the optical signal change. For experimental verification of the microfluidic system and the measurement method, whole blood samples of 70 patients were tested with our system. The microfluidic system was shown to correlate with the conventional Westergren method with R 2 = 0.86 using linear regression. This value is higher than the correlation coefficients of commercially available ESR analyzers. 53, 55, 56 In addition, we integrated a camera to the system and designed a new cartridge including a section for visual observation of the EA process in real-time during ESR measurement. Using this unique cartridge, we were able to demonstrate the one-to-one correspondence between the aggregation of erythrocytes and the optical transmission signal. This microfluidic system is of high value for ultrafast point-of-care ESR measurement, which requires only a drop of whole blood.
Experimental section

Materials
For blood samples, ethical approvals were obtained from the Ethics Committee of Yildirim Beyazit University Medical School, Ankara, Turkey and the Ethics Committee of Bilkent University, Ankara, Turkey. Prior informed consent was taken from the donors involved in the study. For clinical measurement of ESR, whole blood was used without any preprocessing of the blood sample. Therefore, for ESR measurements, 5 ml of fresh venous blood was acquired from 70 volunteers at Yildirim Beyazit University Ankara Ataturk Hospital into vacuum tubes containing ethylenediaminetetraacetic acid (EDTA; 1.5 mg ml −1 ) to prevent coagulation. For visual observation of erythrocytes, pre-processing of whole blood was needed, which consisted of PBS washing, dilution, and dextran addition. Therefore, for EA monitoring, 5 ml of fresh blood was acquired from a healthy male volunteer at Bilkent University Health Center (Ankara, Turkey) into a vacuum tube containing EDTA. The blood was centrifuged three times at 3500 rpm for 4 min, and plasma was replaced with 1× phosphate-buffer saline (PBS) solution each time. A microcentrifuge tube was filled with 5 μl of the plasma-free blood sample and 125 μl of PBS and mixed. Then, 1 mg of 150 kDa dextran (Sigma-Aldrich) was added to the tube and dissolved by gentle mixing for 1 min using a pipette.
Particle sedimentation theory
Stokes' law 54 governs the settling velocity of a spherical particle suspended in a medium, where three forces act on the particle: gravitational (F g ), buoyant (F b ), and drag (F d ) forces. Each can be written as follows:
where ρ is the density, V is the particle volume, g is the gravitational acceleration, μ is the medium dynamic viscosity, r is the particle radius, and ϑ is the particle settling (termination) velocity. In a stationary system, no other force is effective on the system, thus yielding:
Plugging eqn (1)-(3) into eqn (4), the particle velocity can be found as follows:
For non-spherical particles, a correction factor called the dynamic shape factor, K, is applied to the drag force in eqn (3), yielding: where r e is the equivalent volume radius for a spherical particle that has the same volume as the non-spherical particle. 57 By plugging eqn (1), (2) and (6) into eqn (4), the settling velocity valid for non-spherical particles can be found as follows:
According to eqn (5) and (7), one can conclude that the sedimentation velocity of a particle in a medium is proportional to the square of the size of the particle.
Cartridge designs
Disposable cartridges used in this work were fabricated out of polycarbonate (PC), a transparent thermoplastic polymer. Although the use of PDMS microchannels is common in the microfluidic community, we did not use PDMS since it can absorb the blood sample and introduce bias to the optical measurements. 58 The channel designs were made in 2D
using CAD software (Autodesk, AutoCAD 2016). The cartridges were manufactured using CNC machining. We had two different cartridge designs. (i) For ESR measurements, cartridge-1 was used, which has a 1 mm deep, 1 mm wide, and 50 mm long channel.
(ii) For simultaneous ESR measurement and EA monitoring, cartridge-2 was used, which has a single inlet and outlet and composed of two sections: a deep section (h 1 = 1 mm) for ESR measurement and a shallow section (h 2 = 150 μm) for EA monitoring.
The relationship between the erythrocyte settling velocity and erythrocyte aggregation is based on the Stokes' law, which is a fundamental equation in fluid mechanics. There are also commercial benchtop instruments that report ESR values within minutes using EA. However, in the literature, there are strong oppositions to the use of these devices, since ensuring complete disaggregation of the erythrocytes is critical for correlating EA and ESR. Therefore, it is of utmost importance to visualize the behavior of erythrocytes during the whole process and correlate it with the optical signal. Cartridge-2 was specifically designed for this purpose. For the optical transmission signal, the system requires a strong interaction between the incident light and the erythrocytes; therefore, the optical path length should be increased using a deep channel. However, monitoring of individual erythrocytes is not possible in a deep microchannel due to the high population of erythrocytes. The visualization system requires a smear-like blood sample. Cartridge-2, which is shown in Fig. 1a , accommodates both of these microchannel segments: a shallow channel for monitoring of individual erythrocytes and a deep channel for optical measurement. However, changing the channel depth changes the wall shear rate as well as the disaggregating force on erythrocytes. Therefore, the width of the shallow channel is increased in order to ensure that the same wall shear rate is experienced in both channel segments as described below.
According to Weissenberg-Rabinowitsch-Mooney equation, 59 the wall shear rate (γ) is calculated as (8) where Q is the volumetric flow rate, w is channel width, and h is channel height. Since volumetric flow rate is the same in the deep and shallow channel segments, the following condition needs to be met for erythrocytes to experience the same disaggregating shear rates in both channel segments in order to satisfy γ deep = γ shallow
The channel heights were set as h deep = 1 mm and h shallow = 150 μm. The widths for both sections were set as w deep = 1 mm and w shallow = 44.5 mm, satisfying eqn (9) . The lengths were chosen as L deep = 50 mm, and L shallow = 7.5 mm. The length of the deep channel segment (50 mm) is the same as the length of cartridge-1.
Microfluidic measurement system
We developed a microfluidic measurement system that optically measures the rate of EA and calculates ESR from EA. Fig. 1a shows the schematic representation of the whole system that contains a disposable polycarbonate cartridge and a handheld analyzer. Two different cartridges were designed for the experiments. An acrylic cartridge holder was also fabricated in which the cartridges are secured tightly to prevent any vibration during the measurements. The holder also contains a tygon tubing system, one end of which seals the cartridge outlet port when the cartridge is inserted to the holder. Cartridge-1, which contains a deep single channel (1 mm wide, 1 mm high), was fabricated for the optical measurement of ESR, since a dense population of erythrocytes was required for stronger interaction of the cells with the incident light in order to obtain satisfactory signal change on the photodetector. Cartridge-2 consists of deep (1 mm wide, 1 mm high) and shallow (44.5 mm wide, 150 μm high) sections; the latter was designed for real-time observation of the erythrocytes during the whole test cycle. The opto-electromechanical analyzer which is shown in Fig. 1b consists of three units: (i) a mixing unit, (ii) an optical unit, and (iii) an electronic control unit. For the mixing unit, a solenoid pinch valve (EW-98302-02, Cole-Parmer) is employed to provide continuous rigorous back and forth blood sample movement in the cartridge for 15 s. The pinch valve stroke distance (5 mm) is adjusted so that the shear rate applied by the valve on the erythrocytes is above the critical shear rate (γ critical ) for complete erythrocyte disaggregation. The measurement principle of the system is based on the analysis of optically transmitted light through the blood sample which is schematically shown in photodetector are employed. The NIR band is chosen to minimize the absorption of light by the erythrocytes, 16 which in turn increases the light scattering from and transmission through the blood sample. 60 The LED (VSMG2700, Vishay) is placed at the top surface of the cartridge and illuminated the blood-filled channel. Light that passes through the channel is collected on the photodetector (VEMT4700, Vishay) located at the bottom of the cartridge. In the electronic control unit, a custom-designed electronic circuitry and a microprocessor (IOIO-OTG, SparkFun) are used. The electronic circuitry controls the pumping action and the optical unit. The former circuit is a single transistor (BD139 NPN, STMicroelectronics) employed as a switch and controlled by the microcontroller such that the solenoid valve is activated 15 times during the 15 s disaggregation phase. The detection circuit consists of a transimpedance amplifier connected to the phototransistor output, followed by a low-pass filter. The system is controlled through a computer user interface that can be used to adjust the intensity of LED, mixing time, and total analysis time.
Cartridge-1 takes 40 μl of a whole blood sample, and cartridge-2 takes 200 μl of a pre-processed blood sample. Upon the sample introduction into the cartridge, the test cycle was started by completely disaggregating the erythrocytes for 15 s using the pinch valve. Then, the valve was turned off, allowing the cells to re-aggregate. During the aggregation process, the sample was illuminated with the LED, and transmitted light was measured by the photodetector. Within the channel, each individual erythrocyte acts as a scattering center. 16, 48 Since the individual erythrocyte population is high, the intensity level is at its lowest when the cells are completely disaggregated (Fig. 1c) . On the other hand, the intensity level reaches its maximum at complete aggregation.
Between the min and max values, as cells aggregate, the intensity level increases. The transmitted signal was recorded for 90 s. The amplitude of the transmitted signal, which is the difference between the signal level at the 90th s and the signal level at the start of the aggregation process, was calculated using Matlab (R2014, MathWorks) and recorded as the aggregation index (AI). The results are verified using the measurements performed using the conventional Westergren method shown in Fig. 1d . For real-time observation of the EA process, the shallow section is monitored using a 40× microscope objective (Axio Vert.A1, Zeiss) coupled to a camera (Axiocam ICc 1, Zeiss). 
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Results and discussion
Quantifying the aggregation of erythrocytes
The microfluidic system records optically transmitted light through the blood sample. The minimum intensity of light indicates complete disaggregation of the cells. During the aggregation process, the intensity level increases as shown in Fig. 2 . To quantify the aggregation of erythrocytes, two aggregation indices (AI 1 and AI 2 ) were calculated. AI 1 is the area under the curve (A) divided by the total area (A + B) of the transmitted signal, whereas AI 2 is the amplitude (AMP) that corresponds to the change of the transmitted signal. 16 The total analysis time is another parameter to be considered. We have calculated AI 1 and AI 2 for a series of analysis durations from 30 s to 120 s. Fig. 2a Fig. 2b and c give the goodness of fit of AI 1 and AI 2 , respectively, measured for different analysis durations. As seen in Fig. 2 , R 2 for AI 1 differs significantly for different test durations whereas R 2 for AI 2 is consistent and has a value closer to 1 at all assay times.
ESR measurement with the microfluidic system
After determining the aggregation index that has the highest correlation with the conventional ESR method, whole blood samples of 70 volunteers were tested with the microfluidic system and compared with the measurements obtained by the gold standard method. Attention was paid in order to span a wide dynamic range covering both the healthy and clinical ESR ranges. The ESR values of the samples were first measured using the automated ESR analyzer (Linear Chemicals, Autoanalyzer) employing the 30 min Westergren ESR method within 1 h of venipuncture. Upon the measurement with the analyzer, 40 μl of whole blood was withdrawn from each Westergren tube and tested with the microfluidic system at room temperature (24°C). AI 2 measured at the 90th s was chosen as the basis for the microfluidic ESR method. This value was calculated from the transmitted signal intensity of each volunteer sample. The regression analysis of the measurements is shown in Fig. 3 , where the y-axis is the conventionally measured ESR values of the 70 volunteers, and the x-axis is the calculated aggregation indices corresponding to each sample's optical transmission signal as shown in Fig. 3 . 
Precision and repeatability
After finding the linear equations that are used to calculate ESR values from the AI 2 measurements, the performance of the microfluidic system was further evaluated. First, the precision of the microfluidic system was tested. For the precision tests, whole blood samples of 5 volunteers were first measured with the Westergren method as 4, 21, 33, 54, and 100 mm h −1 (Fig. 4, x-axis) . Following the conventional measurements using the Westergren analyzer, each sample was tested five times with the microfluidic system. The mean values were 4, 21, 36, 46, and 78 mm h −1 , respectively (Fig. 4, y-axis). The standard deviation for each sample was calculated as 0.82, 0, 1.41, 5.03, and 1.64 mm h −1 , respectively, and shown as error bars in Fig. 4 . The measurements for the precision tests (Fig. 4) were repeated immediately one after the other, determining how precise the measurements were within a very short period of time. It is also important to look at the device performance when there is a delay between the repetitive measurements. Clinically, this is a significant concern, since the time gap between the blood sampling from the patient and testing in a central laboratory varies from a few minutes to 4-5 hours. This time gap shows variability not only between different health centers but also within the same center. Therefore, it is critical to test the repeatability of the system for samples tively. These results demonstrate that aggregation dynamics of the erythrocytes are not affected with the 3 h storage of the sample at room temperature.
Simultaneous ESR measurement and EA monitoring
Another major goal of this study is to demonstrate the correspondence between the erythrocyte aggregation dynamics and the optical transmission signal obtained from the portable microfluidic system. Fig. 6 shows the transmitted signal intensity for the pre-processed blood sample filled within cartridge-2. The intensity-time curve includes both the disaggregation phase (lasting for 15 s) and the aggregation phase (lasting for 6 min). The blood sample was diluted (plasmafree and suspended in PBS) to observe individual cells in the shallow section. Then, 150 kDa dextran was added to induce cell aggregation. Cartridge-2 was uniquely designed such that (i) the cells in the shallow section can be monitored under a microscope, (ii) the diluted sample gives satisfactory optical transmission in the deep section, and (iii) the disaggregating shear rates on the cells in both cartridge sections are the same (see the Microfluidic measurement system section). 200 μl of the prepared blood sample was introduced into the cartridge. After rigorous mixing of the sample, which achieves complete disaggregation as shown in Fig. 6 at time: 0 min, This journal is © The Royal Society of Chemistry 2016 the cells were left intact for 6 min. During that time, the optically transmitted signal was measured in the deep section, and the erythrocyte aggregation process was video-recorded at the same time. In addition to the intensity-time curve, Fig. 6 gives time-lapse images taken from the recorded video. The time at which each image was taken has one-to-one correspondence with the intensity-time curve. At time: 0 min, the mixing was stopped, and the transmitted signal intensity was at its minimum when the cells were completely disaggregated. As time proceeded, the cells were shown to aggregate. At the beginning, aggregation was rapid and erythrocytes form bridges with the neighbouring cells. At time: 3 min, even though there are individual cells, most of the cells were clustered as aggregates. After time: 3 min, aggregates proceeded at a much lower rate which is also confirmed by the intensity-time curve. Although there are some studies in the literature that discuss the correlation between erythrocyte aggregation and sedimentation, none of these studies show the process in realtime. Also, a drawback of the commercial devices in the market is their potential incapability for succeeding complete disaggregation at the beginning of the assay. 55, 61 The microscopy observations we made using cartridge-2 explains the correlation between erythrocyte aggregation and light intensity change. At complete disaggregation, each cell becomes a scattering center, 16 and their collective scattering results in less signal transmitting through the blood sample, leading to the lowest transmission intensity. During the aggregation phase, the total area of the scattering centers decreases. This leads to more light passing through the microchannel, resulting in an increase of the transmitted signal intensity.
In whole blood, erythrocytes cannot be thought of as independent from the other blood constituents. There are many internal factors that affect the rate of erythrocyte sedimentation measured by the Westergren method. These include the hematocrit level, plasma protein concentration, erythrocyte deformability, temperature, plasma viscosity and density. 16, 55, 61, 62 Some of these factors affecting the sedimentation might not affect the aggregation dynamics. For example, plasma viscosity has a major effect on the settling time of erythrocytes in the conventional system, but it has a minor effect in our system due to the fast measurement of the aggregation mechanism in a very small region of the cartridge. In contrast, erythrocyte deformability has a relatively minor effect in the conventional system, but it changes the aggregability of erythrocytes resulting in a major effect in our system. Since the microfluidic system that we developed measures the rate of EA and use it to predict ESR, some of these factors might be under or overestimated. This also explains the correlation coefficient of R 2 = 0.86.
On the other hand, there are several external factors influencing ESR results obtained by the Westergren method. These include (i) the initial sample volume in the tube, (ii) tube vertical positioning, (iii) vibration, (iv) homogeneity of the sample at the beginning of the assay, (v) delay between venipuncture and measurement, and (vi) manual reading of the result by the operator. Our portable microfluidic system addresses all of these shortcomings of the conventional method. (i) Measurement is performed at a single point along the sample channel. Cartridge-1 requires 40 μl of a sample to fill the channel. Deviation from this amount does not affect the results as long as there is sample in front of the sensor during the test. (ii) Erythrocyte aggregation is not affected by the cartridge/analyzer orientation. (iii) The system is vibration-proof; carrying the system in hand during the measurement does not affect the results. (iv) Homogeneity of the sample and complete disaggregation were ensured by sample mixing at the beginning of the test cycle. However, in the conventional assay, the operator should ensure sample homogeneity before placing the tube into the analyzer. (v) Since the system is portable and requires a very small sample volume, the measurement can be carried out at the point-ofcare without any delay. (vi) The system is a truly sample-in result-out system, thus eliminates operator mistakes.
Conclusion
We have developed a portable microfluidic system that determines the erythrocyte sedimentation rate (ESR) from erythrocyte aggregation (EA). We experimentally showed the correlation between the two physiological phenomena. We explained the fundamental relationship between ESR and EA using Stokes' law. Erythrocyte aggregates of large cell clusters lead to a higher sedimentation velocity. This direct relationship was used for rapid measurement of ESR. The microfluidic system uses 40 μl of whole blood and completes the test in 2 min. We measured the aggregation index from the transmitted signal passing through the sample, which relates ESR to EA. The results were compared with the conventional Westergren method and the microfluidic system showed high repeatability. We also showed the real-time observation of erythrocytes during ESR measurement using a unique cartridge geometry. Simultaneous ESR measurement and EA monitoring demonstrated one-to-one correspondence between the optical signal and the erythrocyte disaggregation and aggregation phases. The system was shown to eliminate the drawbacks of the Westergren method (operator-related problems such as tube shaking, sample volume, tube positioning, and result reading). The presented microfluidic system is a low sample volume requiring, low-cost, and portable system for ultrafast ESR measurement that can be used at point-of-care.
